New Limit on Lorentz Violation Using a Double-Pass Optical Ring Cavity 
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A search for Lorentz violation in electrodynamics was performed by measuring the resonant 
frequency difference between two counterpropagating directions of an optical ring cavity. Our cavity 
contains a dielectric element, which makes our cavity sensitive to the violation. The laser frequency 
is stabilized to the counterclockwise resonance of the cavity, and the transmitted light is reflected 
back into the cavity for resonant frequency comparison with the clockwise resonance. This double- 
pass configuration enables a null experiment and gives high common mode rejection of environmental 
disturbances. We found no evidence for odd-parity anisotropy at the level of 5c/ c < 10^^^. Within 
the framework of the standard model extension, our result put more than 5 times better limits on 
three odd-parity parameters k^!^ and a 12 times better limit on the scalar parameter Ktr compared 
with the previous best limits. 

PACS numbers: 03.30.-fp, 06. 30. Ft, ll.30.Cp, 42.60.Da 
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Introduction. — The formulation of the theory of spe- 
cial relativity revealed Lorentz invariance as the funda- 
mental symmetry of the Universe. Since Einstein's first 
paper over 100 years ago [1], a wide variety of experimen- 
tal tests have been carried out, but no violation has been 
found [2]. As a consequence, Lorentz invariance underlies 
all the theories of fundamental interactions such as the 
standard model of particle physics and general relativ- 
ity. However, theoretical works towards the unification 
of fundamental interactions suggest Lorentz violation at 
some level [3, 4]. Additionally, the observed anisotropy 
of the cosmic microwave background suggests a possible 
preferred frame in the Universe. These suggestions have 
motivated the experimental search for violations with in- 
creasing precision. 

In order to compare the precision of various experimen- 
tal tests of Lorentz invariance, the theoretical framework 
of the minimal standard model extension (SME) [4] has 
been widely used. One of the most traditional and direct 
ways to test special relativity is to test the constancy of 
the speed of light c, or the Lorentz invariance in pho- 
tons. SME parametrizes Lorentz violation in the photon 
sector with 19 independent parameters, which consist of 
10 parameters {ki^ and ki^) representing vacuum bire- 
fringence, 5 parameters {k^-) representing directional 
dependence in the speed of light, 3 parameters (Ko+') 
representing the relative difference between the speed of 
light propagating in opposite directions, and 1 parame- 
ter (Ktr) representing the isotropic shift in the speed of 
light. Here, J and K run from X to Z ^ which represent 
the spatial coordinate axes of the Sun-centered celestial 
equatorial frame (SCCEF) [5]. 

There are tight constraints on the birefringent param- 
eters and k^l^ at the level of 10"'^^ [5], which were 



set by polarization measurements of light from cosmo- 
logically distant sources. Modern versions of Michelson- 
Morley (MM) experiments using two orthogonal optical 
cavities put upper limits on the even-parity parameters 
k'l^ at the 10"^'' level and the odd-parity parameters 
Ko4^ at the 10^^"^ level [6, 7]. The degradation in the sen- 
sitivity to k'l^ compared with that to k'l^ comes from 
the fact that MM-type experiments use even-parity sym- 
metric optical cavities. The degradation factor is given 
by the orbital velocity of Earth: (5^ = V(^/c ^ 10~*. The 
sensitivity to the scalar parameter Ktr is further degraded 
by a factor of /J^ , and the best limit set by an MM-type 
experiment is at the 10~^ level [8]. 

Only a few odd-parity tests on the constancy of the 
speed of light have been carried out so far. Interferome- 
ters or cavities will have direct sensitivity to odd-parity 
parameters only if they are made asymmetric. Although 
it was not analyzed within the framework of SME, the 
first test using an asymmetric interferometer was done 
by Trimmer [9]. Recently, improving the sensitivity by 
changing the Trimmer-type triangular Sagnac interfer- 
ometer to a ring cavity was proposed [10, 11] and demon- 
strated [12]. They searched for a nonzero resonant fre- 
quency difference between two counterpropagating direc- 
tions of an asymmetric optical ring cavity and put upper 
limits on k-^_^ at the 10^^'^ level and Ktr at the 10~^ level. 
In this type of experiment, we improved the constraints 
by a factor of more than 5 and Ktr by a fac- 
tor of 12, by making use of a double-pass configuration. 
Although tighter constraints on these parameters have 
been derived from astrophysical observations [13] or par- 
ticle accelerators [14, 15], they are indirect constraints 
deduced from theoretical assumptions [16]. Our new con- 
straints are the best constraints ever obtained from direct 
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FIG. 1. Optical ring cavity containing a dielectric. The coor- 
dinate axes of the standard laboratory frame are also shown. 
The resonant frequencies of clockwise and counterclock- 
wise directions are different if the Lorentz invariance in 
electrodynamics is violated. 



measurement. 

Asymmetric optical ring cavity. — A ring cavity will 
have direct sensitivity to the odd-parity Lorentz violation 
if the refractive index changes asymmetrically through its 
path. Figure 1 shows a triangular ring cavity with a piece 
of dielectric material placed along one side of the triangle. 
The general expression and its derivation for the resonant 
frequency shift (Sv) due to the Lorentz violation can be 
found in Refs. [5, 10]. For the cavity shown in Fig. 1, this 
shift is calculated as 
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where L is the round-trip length of the cavity, d is the 
path length inside the dielectric, n is the refractive index 
of the dielectric, and 9 is the angle between the dielectric 
and the laboratory frame x axis. Here, we assumed the 
SME birefringent parameters and even-parity parameters 
to be zero and the relative magnetic permeability of the 
dielectric to be /ir — 1- R^^ is the rotation from the 
SCCEF to the standard laboratory frame [5] , and is 
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where e^'^^ is the Levi-Civita symbol. 

As indicated by Eq. (1), the frequency shift is modu- 
lated by rotating the cavity, and the photonic SME pa- 
rameters can be extracted by demodulating the frequency 
shift signal. As the signs of the frequency shift are op- 
posite between the clockwise (v-) and counterclockwise 
(1^+) directions, measuring the resonant frequency differ- 
ence between two counterpropagating directions gives us 
the Lorentz violation signal. Also, this differential mea- 
surement is highly insensitive to environmental distur- 
bances because the effects of cavity length fluctuations 
are common to both resonances. 
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FIG. 2. Schematic of the experimental setup; PD = photode- 
tector, PBS = polarizing beam splitter, HWP = half-wave 
plate, QWP — quarter-wave plate, RM — reflection mirror. 
The differential of the PDls and PDlp outputs is the error 
signal for the laser frequency servo and the differential of the 
PD2s and PD2p outputs is the Lorentz violation signal. 



Experiment. — Our ring cavity is constructed from 
three mirrors rigidly fixed on a spacer made of Super 
Invar. A silicon piece of length 2 cm is placed along one 
side of the triangle and is fixed on the spacer. This sili- 
con piece is antireflection coated and the incident angle to 
this piece is set to about 10° to avoid the cross coupling 
between the counterpropagating beams. Silicon was cho- 
sen as the dielectric element because it has high trans- 
mittance and a large refractive index (measured value 
n — 3.69) at A = 1550 nm. We obtain approximately 
3 times better sensitivity compared with that obtained 
using optical glass as the dielectric element [see Eq. (2)]. 
The round-trip length of our cavity is 14 cm, and the 
finesse is about 120 for p-polarized light, with the silicon 
piece inside the cavity. 

We used a double-pass configuration [17] for measur- 
ing the resonant frequency difference between the two 
counterpropagating directions. Our experimental setup 
is shown in Fig. 2. We use a single-frequency laser source 
with a wavelength of 1550 nm. The laser beam is fed into 
the ring cavity in the counterclockwise direction via a 
polarization maintaining fiber. The incident beam power 
to the cavity is about 1 mW. The frequency of the laser 
beam is stabilized to the counterclockwise resonance us- 
ing a piezoelectric actuator attached on the laser cavity. 
We used the Hansch-Couillaud method (or polarization 
spectroscopy) [18, 19] to obtain the error signal for the 
laser frequency servo. 

The transmitted light of the counterclockwise beam is 
then reflected back into the cavity in the clockwise di- 
rection by a reflection mirror (labeled RM in Fig. 2). 
We obtain the second error signal, which is proportional 
to the resonant frequency difference (from the PDs la- 
beled PD2s and PD2p), and in this signal we search for 




FIG. 3. Sidereal modulation amplitudes determined from 1 day sets of C and S. For clarity, the error bars are omitted except 
for one data point to indicate the typical standard errors. The mean values and standard errors (shown as red dots) of all 104 
points are Cc = -1.6 ± 2.7, Cs = 0.4 ± 2.7, Sc = -0.6 ± 2.6, Ss = 2.0 ± 2.6, Co = 0.2 ± 1.9, and So = -0.2 ± 1.9 (all values 
xlO"^^). 



the Lorentz violation. To obtain the second error sig- 
nal, we again used the Hansch-Couillaud method. This 
double-pass configuration enables a null measurement of 
the resonant frequency difference, with simpler configu- 
ration than that of Ref. [12]. 

All the optics are placed in a 30 x 30 x 17 cm vacuum en- 
closure (~ 1 kPa) to realize a stable operation. This en- 
closure is fixed on a turntable and rotated. Positive and 
reverse rotations of 420° are repeated alternately with 
a rotational speed of Wrot = 307sec (/rot = 0.083 Hz). 
Compared with using the Earth's rotation alone, such ac- 
tive rotation modulates the Lorentz violation signal at a 
higher frequency, where the noise level is generally lower 
than that at the sidereal frequency. 

Data analysis. — The data were recorded with a sam- 
pling frequency of 100 Hz for 104 days between August 
and December 2012. During the data acquisition, the 
ring cavity was rotated approximately 3.7 x 10^ times. 

We extracted the SME parameters from the data by a 
demodulation method. From Eq. (1), by substituting 9 
with oJrot^, the frequency difference = — can be 
written as 

= C cos Wroti + S sin Wrot* , (4) 

The amplitudes C and S vary with Earth's sidereal fre- 
quency W0 and are given by 

C = Cc COSW0T0 -I- Cs sina;©r© -t- Co, (5) 
S ^ Sc coswqTq -I- Ss sinweT® -I- Sq. (6) 

The six sidereal modulation amplitudes are related to the 
SME parameters as given in Table I. 

To analyze our data, we first demodulated the data 
with Wrotj and the modulation amplitudes C and S in 
Eq. (4) were determined for each rotation. We only used 
an interval of 360° in the middle of each 420° rotation 
where the rotational speed is constant. This is because 



our ring cavity is also sensitive to the changes in the 
rotational speed due to the Sagnac effect [20]. 

Next, time series data of C and S were split into 1 
day intervals and fitted by the least-squares method with 
Eqs. (5) and (6) to determine the six sidereal modulation 
amplitudes for each day. The results are shown in Fig. 3 
as pairs of quadratic amplitudes. If we take the mean 
values for each amplitude, we obtain standard errors of 
^ 3 X 10~^^. No deviation from zero by more than \a was 
found. Thus, we conclude that no significant evidence for 
anisotropy in the speed of light in a sidereal frame can be 
claimed from our data. Note that this analysis is highly 
independent of the choice of test theory at this point. 

To determine the SME parameters, time series data 
of the six sidereal modulation amplitudes are simulta- 
neously fitted with the corresponding expressions shown 
in Table I. We used the weighted least-squares method 
to fit the data, and the obtained SME parameters and 
their standard errors are summarized in Table II. The 
Icr uncertainties of three SME odd-parity violation pa- 
rameters k'l^ are ~ 1 x 10""'^*, a factor of more than 
5 better than the previous best limits obtained from an 
even-parity MM-type experiment [7]. The la uncertainty 
of the scalar parameter Ktr is 0.9 x 10""'^°, more than an 
order of magnitude better than the previous best limit 
obtained from another odd-parity experiment [12]. 

Although much of the cavity length fluctuation and 
systematic effects are canceled out by the use of coun- 
terpropagating beams [12], there are some residual ef- 
fects, which mainly originate from the alignment fluctu- 
ation of the incident beam. The static noise level of the 
measurement is currently limited by the vibration of the 
turntable. 

In order to find the sources of systematic errors, we 
recorded the tilt, environmental temperature, rotational 
speed, and incident and transmitted laser power during 
the rotation. The fluctuation of these signals in a side- 
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TABLE I. Relation between photonic SME parameters and 
sidereal modulation amplitudes according to Eqs. (5) and (6). 
f2® is the angular frequency of the Earth's orbital motion, 
X = 54.3° is the colatitude of the laboratory in Tokyo and 
r? = 23.4° is the axial tih of the Earth relative to the SCCEF 
Z axis. T0 = is set to the instant when the laboratory 
frame y axis is oriented at 90° right ascension. 

SME amplitude 
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TABLE II. Photonic SME parameters with 
tcrmiiKxi from this work. For comparison, the 
limits sot by l-!efs. ^7. 12] arc alscj given. 
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This work 


Previous best 


Klf/lO-" 

«f//io-" 

Ktr/10-1° 


0.5 ±1.0 
-0.6 ± 1.2 

0.7 ±1.0 
-0.4 ± 0.9 


-3.4 ±6.1 [7] 
-4.5 ± 6.2 [7] 
-1.4 ±7.8 [7] 
3 ± 11 [12] 



real period may produce a fake Lorentz violation signal 
and introduce a systematic offset to the SME parameters. 
Although the Sagnac effect will be a problem if the fluctu- 
ation of the rotational speed changes in a sidereal period, 
the measured fluctuation was less than 1 mrad/sec and 
this effect is more than 4 orders of magnitude below our 
statistical error. A major cause of the systematic offset 
was the tilt of the base of the turntable. The tilt of the 
flber collimator introduced a slight change in the align- 
ment of the incident beam. However, the measured tilt 
stayed within 0.2 mrad, and this effect was less than 10% 
of the statistical error. 

Another systematic error comes from uncertainty in 
the calibration. There was a slight drift in the calibration 
factor for the Lorentz violation signal, which originated 
from slight detuning in the laser frequency servo. This 
detuning was introduced by the polarization drift of the 
incident beam. The detuning can be monitored from 
the offset level of the acquired data and this calibration 
uncertainty was estimated to be 3%. 

These systematic effects and noises will be reduced by 
installing a polarization control system and a reasonable 
vibration isolation system. Fixing all the optics mono- 
lithically on a single optical bench would also reduce the 
alignment fluctuation and the polarization drift of the 
incident beam. 

Conclusion. — We searched for the Lorentz violation in 
electrodynamics using an asymmetric optical ring cavity 
by making use of a double-pass configuration. No clear 



evidence for odd-parity anisotropy in the speed of light 
was found at the level of dc/c ^ lO"^**. Our new con- 
straints are the tightest directly obtained constraints to 
the best of our knowledge, and the improvement factors 
for the photonic SME odd-parity parameters R'^^ and 
the scalar parameter Rtr are 5 and 12, respectively. 

The use of counterpropagating resonances with a 
double-pass configuration enables a null experiment. 
This novel configuration reduces environmentally in- 
duced noise by its high common mode rejection ratio 
and eliminates most of the systematic effects. By suf- 
ficiently upgrading the system using the techniques men- 
tioned above, we are expecting to further improve the 
sensitivity by a few orders of magnitude. 
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